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Anaerobisella jätevedenpuhdistuksella tarkoitetaan menetelmiä, joissa mikro-organismit 
hajottavat jäteveden orgaanista ainesta hapettomissa olosuhteissa tuottaen energiarikasta 
biokaasua. Biokaasu koostuu pääosin metaanista ja hiilidioksidista ja sitä voidaan käyt-
tää energianlähteenä sähkön- ja lämmöntuotannossa. Ylöspäinvirtaus lietepatja-reaktori 
(UASB) on yksi käytetyimmistä anaerobisista jätevedenpuhdistusmenetelmistä. Reakto-
rin sisällä oleva lietepatja koostuu granuloista, jotka ovat mikro-organismien muodos-
tamia aggregaatteja. 
 
Mikro-organismit tarvitsevat hivenaineita ylläpitääkseen niille tärkeitä elintoimintoja. 
Laboratoriotutkimuksissa hivenainelisäyksillä on saavutettu positiivisia vaikutuksia 
UASB –reaktorin toimintaan. Tämän työn tavoite oli tutkia hivenainepohjaisten lisäai-
neliuoksien vaikutusta UASB -reaktorin kuormitettavuuteen. Viittä UASB reaktoria 
operoitiin panimojätevedellä 83 päivää. Yksi reaktori oli kontrolli, neljään muuhun li-
sättiin lisäaineliuos: BDP-liuos (sisälsi Fe, Ni, Co, Se ja Mo), liuos A (sisälsi BDP-881 
ja Zn), liuos B (sisälsi BDP-881 sekä Zn ja Mn) ja liuos C (sisälsi BDP-881 sekä Zn, 
Mn ja Ca). 
 
Kontrollireaktorin metaanintuotto väheni merkittävästi kuormituksen ollessa 14 g 
SCOD/l/d (koepäivä 64). Kuormituksella 16 g SCOD/l/d (koepäivä 75) metaanintuotto 
keskeytyi. Samalla kuormituksella hivenainesyöttöiset reaktorit toimivat ongelmitta. 
Hivenainelisäys mahdollisti 37 % korkeamman kuormituksen verrattuna kontrolli-
reaktoriin. Kun metaanintuotto oli keskeytynyt kontrollireaktorissa, sen syötteeseen 
lisättiin myös BDP-881 -liuosta. Muutamassa päivässä reaktori elpyi ja metaanintuotto 
sekä COD vähenemä nousivat 0:sta 1,7:än l/d ja 7:stä 43:en %. 
 
Tutkimuksen tulosten perusteella on todennäköistä, että BDP-881 yksinään ehostaa re-
aktorin toimintaa, sillä hivenainesyöttöisten reaktoreiden toiminnassa ei ollut merkittä-
viä eroja. Eroja olisi kuitenkin voitu havaita jos kuormitusta olisi nostettu entisestään. 
Maksimikuormitus hivenainesyöttöisille reaktoreille tulisi määrittää, ennen kuin liuok-
sia käytetään teollisissa sovelluksissa. 
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In anaerobic wastewater treatment micro-organisms convert the organic compounds in 
the wastewater in the absence of oxygen and produce energy-rich biogas. Biogas con-
sists mainly of methane and carbon dioxide and it may be used in electricity and heat 
production. Up-flow anaerobic sludge bed reactor (UASB) is one of the most used an-
aerobic wastewater treatment technologies. Sludge bed inside the reactor consist of mi-
crobial aggregates called granules.  
 
Micro-organisms require trace elements to sustain their vital functions. Laboratory ex-
periments have confirmed the positive effects of trace element additions in the UASB 
reactor's performance. The objective of this experiment was to study the effects of add-
ed trace element based nutrient solutions on brewery wastewater fed UASB reactor’s 
performance. Five UASB reactors were operated for 83 days. One reactor was kept as a 
control reactor, and the other four were fed with nutrient solutions: Solution BDP-881 
(containing Fe, Ni, Co, Se, and Mo), Solution A (containing BDP-881 and Zn), Solution 
B (containing BDP-881, Zn and Mn) and Solution C (containing BDP-881, Zn, Mn and 
Ca).  
 
The methane production in the control reactor dropped significantly, when organic load-
ing rate (OLR) was 14 g SCOD/l/d (operation day 64). At OLR 16 g SCOD/l/d (opera-
tion day 75) the methane production halted. At the same OLR the trace element fed re-
actors kept working properly. Trace element addition allowed 37 % higher OLR com-
pared to the control reactor. After the methane production halted in the control reactor, 
it was also fed with BDP-881 solution. In a couple of days, the reactor recovered and 
methane production and COD removal rose from 0 l/d to 1.7 l/d and from 7 % to 43 %, 
respectively. 
 
According to this study, it is likely that BDP-881 alone improves the reactor perfor-
mance, because there were no differences in reactor performance between four nutrient 
solutions fed reactors. However, there could have been differences, if OLR would have 
been elevated even more. Maximum OLR for trace element fed reactors should be de-
termined, before the solutions are used in industrial applications.  
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NOMENCLATURE 
 
UASB Up-flow anaerobic sludge bed 
HRT Hydraulic retention time 
OLR Organic loading rate 
COD Chemical oxygen demand 
SCOD Soluble chemical oxygen demand 
VFA Volatile fatty acids 
TS Total solids 
VS Volatile solids 
VSS Volatile suspended solids 
OHPA Obligate hydrogen producing acetogens 
AMA Acetotrophic methanogenic archae 
HMA Hydrogenotrophic methanogenic archae 
EPS Extracellular polymeric substance 
SMA Specific methanogenic activity 
CH4 Methane 
CO2 Carbon dioxide 
H2 Hydrogen 
CaCO3 Calcium carbonate 
CaHPO4 Calcium hydrogen phosphate 
CO Carbon monoxide 
HNO3 Nitric acid 
CODH Carbon monoxide dehydrogenase 
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1 INTRODUCTION 
Anaerobic wastewater treatment is a favorable form of wastewater treatment applica-
tion. First of all, it is suitably for high strength wastewater. Secondly, because no oxy-
gen is needed the energy requirements are low. Finally, the produced methane (CH4) 
through anaerobic conversion may be used as renewable energy (Seghezzo et al. 1998). 
Industrial anaerobic wastewater treatment applications are used in breweries, distiller-
ies, food-, beverages-, and fermentation industry, to name a few (Tchobanoglous et al. 
2003). One common anaerobic wastewater treatment application is called an up-flow 
anaerobic sludge blanket (UASB) reactor (Liu and Tay 2004). 
 
UASB reactor’s core is the granular sludge bed at the bottom of the reactor tank. This 
sludge bed consists of microbial aggregates (also called granules) which use the sub-
strates in the wastewater fed into the reactor. These granules are very dense and their 
diameter ranges generally from 0.5 to 2.0 mm. Due to the large size of the granules they 
resist washout, which allows sustaining high hydraulic loads in UASB reactor. This is 
one of the biggest advantages compared to other reactors. The granulation process is 
complicated and still not fully discovered how it occurs step by step. There are several 
theories considering the granulation process, but none of them have been proven to be 
exactly true. (Liu et al. 2002) 
 
It has been studied that laboratory UASB reactor’s performance may be improved with 
the addition of trace elements into the feed of the reactor. In biochemistry, trace ele-
ments are needed in very small quantities for the proper growth, development and phys-
iology of organisms (Bowen, 1976). They usually act as parts of the active site of dif-
ferent microbial enzymes (Oleszkiewicz and Sharma 1990; Zandvoort et al. 2006). Sev-
eral studies suggest that trace element addition has effects on UASB reactor's perfor-
mance. Increased chemical oxygen demand (COD) removal and CH4 production have 
been reported in recent studies considering trace element addition into the feed of a 
UASB reactor (Fermoso et al. 2008). However, addition of trace elements doesn’t al-
ways have positive effects. Inhibition may occur, when concentrations for one (Alkan et 
al. 1995; Bhattacharya et al. 1995; Lin and Chen 1999) or several (Ram et al. 2000; 
Fermoso et al. 2008; Atlas 2009) elements elevates too high. 
 
The objective of this study was to find out the effects of trace elements on UASB reac-
tor’s performance treating brewery wastewater with increasing organic loading rates 
(OLR). Effects of added trace elements were studied in five brewery wastewater fed 
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UASB reactors. One reactor was kept as a control reactor and fed only with the brewery 
wastewater, whereas the four other reactors were fed with brewery wastewater contain-
ing different trace element based nutrient solutions. 
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2 THEORETICAL BACKGROUND 
2.1 Anaerobic conversion 
Anaerobic conversion is a natural process where organic material is broken down by 
micro-organisms in the absence of oxygen. This organic matter may consist of food 
waste, slurry, manure, domestic or industrial wastewater, crop or crop residues, for in-
stance. When the organic matter is digested, methane-rich biogas is released. This gas 
consists of CH4 (approximately 60 v-%), carbon dioxide (CO2) (approximately 40 v-%), 
and traces of other gases. The exact composition depends highly on the composition of 
the conversed organic matter. (Maria et al. 2012) 
 
Organic matter is complex and the anaerobic conversion has several steps involving 
metabolic reactions before the organic matter is finally converted into CH4 (Mata-
Alvarez 2002). The important intermediaries of CH4 formation have been identified and 
the overall view of the anaerobic conversion is depicted in Figure 2.1.  
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Figure 2.1. Scheme of the biodegradation steps of complex organic matter, modified 
(Siegrist et al. 1993) 
 
Anaerobic conversion occurs in synergy of several species of different micro-
organisms. The conversion has four different phases, in which different microbial popu-
lations are active. The phases are hydrolysis, acidogenesis, acetogenesis and methano-
genesis (acetotrophic and hydrogenotrophic). (Mata-Alvarez 2002) 
 
During hydrolysis the complex organic matter consisted of carbohydrates, lipids, and 
proteins is disintegrated to short chain carbohydrates, long chain fatty acids, and amino 
acids. Hydrolytic bacteria have the ability to produce hydrolytic enzymes, which de-
grade both insoluble and soluble high-molecular weight organic compounds (Mata-
Alvarez 2002). During acidogenesis fermentative bacteria degrade the organic mono-
mers of sugars and amino acids and produce hydrogen (H2), CO2, acetate and other vol-
atile fatty acids (VFA), such as propionate, butyrate, and valerate. Ammonia is also 
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produced by the degradation of amino acids (Mata-Alvarez 2002). During acetogenesis 
long chain fatty acids and VFAs are converted into acetate, CO2 and H2 by obligate hy-
drogen producing acetogens (OHPA) (Mata-Alvarez 2002).  
 
The final stage of anaerobic conversion is called methanogenesis, where the compounds 
are converted into CH4. CH4 is formed by hydrogenotrophic methanogenic archae 
(HMA) and acetotrophic methanogenic archae (AMA). HMA produce CH4 from H2 and 
CO2 by the hydrogen-consuming archae in a syntrophic co-culture with the OHPA, 
whereas AMA produce CH4 and CO2 from acetate. HMA work faster than AMA, but 
the acetotrophic methanogenesis accounts for the most of the CH4 produced in the over-
all process. (Mata-Alvarez 2002) 
 
A requirement for properly occurring anaerobic conversion is that the microbial popula-
tions are balanced. Methane-formers have much slower growth rate compared to acido-
genic bacteria. If the acid-forming micro-organisms outgrow methane-formers acidic 
conditions becomes prevalent. This may slow down the activity of methanogens and 
eventually totally inhibit their activity (Mata-Alvarez 2002). To prevent process failure 
in practical applications, a proper monitoring and control of temperature, alkalinity, pH, 
VFA, and nutrients are needed. 
 
Micro-organisms have different temperature ranges, where their vital functions work 
optimally. Steady temperature during the anaerobic conversion is often more favorable 
for micro-organisms than variable temperature. Two optimal temperature ranges with 
maximum activity have been identified: mesophilic (approximately 35 oC) and thermo-
philic (approximately 55 oC) (Hernon et al. 2006). Mesophilic range is more robust and 
more stable environment, but thermophilic range provides better CH4 production and 
pathogen extermination (Mata-Alvarez 2002). 
 
High concentrations of VFA, free ammonia and hydrogen sulphur may also lead to the 
inhibition of anaerobic conversion. As mentioned, VFAs are intermediary compounds 
of the anaerobic degradation of organic matter. pH and alkalinity level exerts a definite 
effect on VFA toxicity, and the threshold level depends on these parameters. Propionic 
and butyric acids have been described as the most inhibitory among VFAs. Inhibitory 
concentration of free ammonia and hydrogen sulfide also depends on different parame-
ters, such as pH and alkalinity. (Mata-Alvarez 2002; Lindeboom et al. 2013) 
2.2 Anaerobic wastewater treatment 
Anaerobic wastewater treatment is a form of biological wastewater treatment technolo-
gy in the absence of oxygen. Micro-organisms use the compounds in the wastewater, 
which enhances the quality of the wastewater. Simultaneously, the compounds are con-
verted into biogas through the anaerobic conversion. The biogas contains CH4, which 
 6 
makes the gas energy rich, and it may be used in heat and electricity production. Anaer-
obic wastewater treatment is especially suitable for wastewater with high concentration 
(COD concentration over 4 g/l). (Chan et al. 2009) 
Compared to aerobic wastewater treatment, anaerobic systems have some remarkable 
advantages. First of all, high OLR is possible with lower energy and nutrient require-
ments. Also, amount of produced sludge is low. However, a major drawback in anaero-
bic wastewater treatment system is its relatively long start up time, which is usually 
several months. Also, anaerobic wastewater treatment is considered more sensitive to 
temperature changes, compared to aerobic systems. Table 2.1 shows the comparison for 
aerobic and anaerobic wastewater treatment. (Chan et al. 2009) 
 
Table 2.1. Comparison of aerobic and anaerobic wastewater treatment (Chan et al. 
2009) 
 
Feature Aerobic Anaerobic 
OLR Moderate High 
Sludge production High Low 
Nutrient requirement High Low 
Energy requirement High Low to moderate 
Startup time 2-4 weeks 2-4 months 
Temperature sensitivity Low High 
In practical wastewater treatment applications anaerobic systems don’t provide a com-
plete stabilization of the organic matter in the wastewater. Also, effluent contains usual-
ly ammonium ions and hydrogen sulfides (Heijnen et al. 1991). To achieve a sufficient 
quality for treated wastewater, the effluent from anaerobic system is treated aerobically 
afterwards. The effluent produced by the anaerobic treatment contains solubilized or-
ganic matter, which is suitable for aerobic treatment (Gray et al. 2005). Anaerobic or 
aerobic wastewater treatment doesn’t provide efficient wastewater treatment alone, but 
used together they make very favorable and efficient applications (Aggelis et al. 2001). 
2.3 UASB reactor 
A UASB reactor consists of a large tank, where wastewater is fed from the bottom and 
removed from the top. At the bottom of the reactor there is a bed of granular sludge, 
which consists of microbial aggregates. As the wastewater passes through the sludge 
bed, the micro-organisms use the wastewater as a substrate and produce biogas. Re-
leased biogas is separated from the wastewater and collected with baffles and a gas cap 
from the top of the reactor. Biogas production causes hydraulic turbulence, which caus-
es the granular sludge to mix without any mechanical parts. Figure 2.3 depicts the con-
cept of a UASB reactor. (Seghezzo et al. 1998) 
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Figure 2.2. The upward-flow anaerobic sludge bed reactor concept, modified (Liu et al. 
2003) 
The core of UASB reactors are the sludge granules at the bottom of the tank. A granule 
is an aggregate of micro-organisms. When there isn’t any support matrix present and the 
flow conditions are favorable, the micro-organisms start to attach to each other. This 
way the micro-organisms are able to survive and proliferate, and eventually the aggre-
gates form into a dense compact granule. Granule’s diameter generally ranges from 0.5 
to 2 mm. Due to the large size of granules, they resist washout from the reactor, which 
allows sustaining high hydraulic loads. Granules are dense and the concentration of ac-
tive micro-organisms is high, which provides high CH4 production. (Vlyssides et al. 
2008) 
Granulation process is a complicated process and it usually takes several months to 
form applicable sludge bed for a full-size UASB reactor. There are several theories con-
sidering the granulation process. Conclusions have been drawn about the triggering 
forces and steps occurring in the process. Liu et al. (2002) have proposed a four step 
general model for granulation process, which is gathered from other theories. The model 
proposes that chemical, physical, and biological forces cannot be considered separately 
but in synergy in the granule formation. The model also proposes that there are four 
main steps in the granulation process. 
During the first step physical movement initiates bacterium-to-bacterium or bacterium-
to-nuclei attachments and forces such as hydrodynamic forces, gravity forces, diffusion 
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forces, thermodynamic forces and cell mobility are involved. During the second step 
several physical, chemical, and biological forces makes the multicellular contacts stable. 
Forces such as hydrophobicity and cellular surface dehydration and membrane fusion 
have been emphasized to play a crucial role in the initiation of anaerobic granulation. 
During the third step microbial forces make the cell aggregation mature. Production of 
extracellular polymer and growth of cellular cluster occur. Finally, during the fourth 
step the three-dimensional structure of granules is shaped by hydrodynamic shear forces 
and structured communities are formed. The outer shape and size of microbial aggre-
gates are determined by the interactive strength/pattern between aggregates and of hy-
drodynamic shear force, microbial species, and substrate loading rate. (Liu et al. 2002) 
2.4 Trace elements 
In biochemistry, trace elements are needed in very small quantities for the proper 
growth, development, and physiology of organisms (Bowen, 1976). Several studies 
suggest that trace element addition has effects on UASB reactor's performance. In-
creased COD removal and CH4 production have been reported in many recent studies 
considering trace element addition into the feed of a UASB reactor (Fermoso et al. 
2008). However, addition of trace elements doesn’t always have positive effects. Inhibi-
tion may occur, when concentrations for one (Alkan et al. 1995; Bhattacharya et al. 
1995; Lin and Chen 1999) or several (Ram et al. 2000; Fermoso et al. 2008; Atlas 2009) 
elements elevates too high.  
 
Whether the effects are positive or negative depends highly on the role of added trace 
elements in biological processes. Trace elements are parts of the active site of enzymes, 
which makes them essential for micro-organisms (Oleszkiewicz and Sharma 1990; Zan-
dvoort et al. 2006). Heavy metals act as inhibitors by blocking enzyme functions. This 
type of inhibition is characterized by the reversible binding of the inhibitor with either 
the enzyme or the enzyme-substrate complex. Metals may also act as competitive inhib-
itors for the substrate. This type of inhibition depends on the affinity of the metal and 
the enzyme, as well as on the relative concentrations of the competing metals 
(Oleszkiewicz and Sharma 1990). 
2.4.1 Trace element interactions  
The transport of metal ions is to a great extent generally determined by the properties of 
the transport systems (Braun et al. 1998). The uptake of metal ions by specific trans-
porters can be described by Michaelis Menten kinetics: The bioavailable metal ion is 
first bound by a transporter site and subsequently taken up. The binding properties de-
termine the affinity of the transporter to the metal, while the amount of the transporter 
determines the maximum uptake rate. Both of the mentioned parameters can change 
with changing chemistry and biology (Fermoso et al. 2008). Different metal ions can 
compete for the same uptake site, thus affecting the conditional affinity (Sunda and 
 9 
Huntsman 1998). Also, micro-organisms can actively decrease or increase the number 
of the transporters in response to its environment, which affects to the maximum uptake 
rate (Worms et al. 2006). 
 
Metal sorption in granules occurs due to precipitation, co-precipitation, adsorption, and 
binding by extracellular polymeric substance (EPS) and bacterial cells. EPS are major 
components of granular matrix, and up to 90 % of the dry biomass is EPS material (Gao 
et al. 2008), which bind metals (Guibaud et al. 2008). Also, the bacterial interface can 
act as a metal binding surface (Aksu et al. 1991).  
 
The bioavailability and mobility of essential trace elements in the UASB reactors are 
mainly controlled by sulfide chemistry and the existence of copper, iron, zinc, and nick-
el sulfide precipitates in UASB granules have been confirmed with X-ray analyses 
(Fang and Liu 1995; Liu and Fang 1998; Gonzalez-Gil et al. 2001; Kaksonen et al. 
2003; Van der Veen et al. 2007). Metal ions are expected to precipitate with sulfide, 
carbonate and phosphate in the pore water present in the granular matrix (Martell and 
Smith 1989). Metal sulfide precipitation is expected to be the most important process. 
The predominating role of sulfides in metal fixation in anaerobic granules in supported 
by the high acid volatile sulfide content and the high metal content in the oxidizable 
(containing both sulfidic and organic bonding forms) fraction present in UASB systems 
(Van der Veen et al. 2007).  
 
Metal sulfides have a low solubility product and it would be expected that these metals 
are not bioavailable to the methanogenic consortia (Martell and Smith 1989). Ageing of 
sulfidic precipitates occurring in the sludge during reactor operation lowers the dissolu-
tion rates and may therefore lower the metal bioavailability (Gonzales-Gil et al. 2003). 
However, in most cases the dissolution rates of cobalt and nickel sulfides do not limit 
the methanogenic activity in anaerobic wastewater treatment (Jansen et al. 2007). 
 
Metal sulfide precipitation is expected to be the most important process in metal pre-
cipitation in the anaerobic media present in the UASB reactor. The low solubility prod-
uct of metal sulfides results in low free metal ion concentrations (Martell and Smith 
1989). However, free metal ion concentrations from these solubility products should be 
predicted carefully, because there is couple of factors affecting to the concentration. 
First of all, the crystal structure of the metal sulfide precipitate should be known to find 
out the solubility product. Secondly, the concentration values in literature vary greatly. 
Thirdly, precipitation equilibrium is not reached in many cases due to kinetic limita-
tions. Finally, size and ligand effects may affect to the precipitation (Fermoso et al. 
2008). 
 
Sulfide is important because of the formation of metal precipitates, but also because of 
the formation of dissolved metal complexes. Other important inorganic ligands are car-
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bonate and phosphate (Bartacek et al. 2008). Carbonate is important, because of its high 
concentration in wastewaters and its strong binding with metal ions. Organic and syn-
thetic ligands may also affect to metal precipitation, but interactions are usually weaker 
compared to sulfide (Martell and Smith 1989). Organic ligands may increase the con-
centration of dissolved metal or affect the size and kinetics of precipitation (Adams and 
Kramer 1998). Synthetic ligands in some cases keep the metals in wastewater dissolved, 
which affects to the bioavailability (Bretler and Marison 1996). 
 
Metal precipitation can be divided into five stages: nucleation, growth of nuclei, aggre-
gation, formation of irreversible aggregates and formation of larger crystals at the ex-
pense of smaller ones (Nielsen 1964). Precipitates age by generally transforming from 
amorphous precipitates to more stable crystalline forms. 
 
The kinetics of precipitation and dissolution are influenced by organic ligands: they can 
decrease the precipitation rate (Helz and Horzempa 1983; Shea and Helz 1987) or in-
crease the dissolution rate, for example in case of siderophores (Kraemer and Hering 
1997; Liang et al. 2000; Cervini-Silva and Sposito 2002). Besides the reaction kinetics 
involving the particulate matrix, the rates of processes within the dissolved metal frac-
tion can be important. In aqueous solutions, the rate of metal complex formation largely 
depends on the water loss rate constants of the metal ions (Morel, 1983), independent of 
the nature of the ligand. 
2.4.2 Trace elements in UASB reactors 
Due to the complexity of bioprocesses and differences between the characteristics in 
reactor influent, it is difficult to determine optimal concentrations for trace elements, 
even though the functions of different elements are known in biological processes 
(Liang et al. 2007). It is also difficult to draw a conclusion whether the elements affect 
in reactor performance individually or together. Nevertheless, results have been made in 
experimental studies, and plenty of information is available from the effects of added 
trace elements. Results from studies considering the addition of trace elements have 
been gathered in table 2.2 and effects of individual and several trace elements on UASB 
reactor’s performance are presented in the following section. 
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2.4.2.1 Iron 
Iron is a necessary trace element for synthesis of various anaerobic organisms by acting 
as a co-factor for different enzymes. It acts as a hydrogenase, carbon monoxide (CO) 
dehydrogenase, nitric oxide reductace, and nitrite and nitrate reductase in anaerobic 
reactions (Fermoso et al. 2008). When supplemented as ferrous iron with 0.01 g Fe2+/g 
COD feed dosing, it has had positive effects on synthetic milk wastewater fed UASB 
reactor’s performance by increasing COD removal and granule diameter (Vlyssides et 
al. 2008). 
 
Inhibitory effects of iron on reactor performance has also been tested for synthetic 
wastewater by adding iron as FeCl2 4H2O. Negative effects, such as decreased substrate 
utilization value, occurred when 140 ml shots in a batch experiment had iron concentra-
tion of 0.475 g/l or above. At the concentration of 0.452 g/l or below the utilization rate 
increased (Gonzales-Silva et al. 2009). 
2.4.2.2 Calcium 
Calcium has a positive effect on the flocculation ability of the anaerobic sludge. Calci-
um is required for several strains of Methanosarcina including M. barkeri and for the 
desegregation of individual cells in M. mazei. Present in the sheaths of Methanospiril-
lum hungatei, calcium is the major cation. The surface of developed granules in the re-
actor supplemented with calcium and phosphate contained a significant number of 
Methanothrix soehngenii. Addition of calcium have densified and stabilized the granu-
lar sludge and resulted into a minimum wash-out. Also, the concentration of trace met-
als differed widely in the granular sludges grown under different calcium and phosphate 
conditions. (Singh et al. 1998 review) 
 
Heavy precipitation of calcium carbonate (CaCO3) and calcium hydrogen phosphate 
(CaHPO4) in the sludge may be caused by higher concentration of calcium (Lettinga et 
al. 1991). Both hydrophobicity and the charge on surfaces are important as alterations in 
surface charge by removal of calcium ions (Ca2+) may lead to a decrease in the granule 
strength and in some cases a complete disintegration of granules may result, which 
makes the precipitation of CaCO3 and CaHPO4 unfavorable for granulation (Wu et al. 
1987). In UASB reactors, Ca2+ concentrations from 100 to 200 mg/l have been reported 
to be beneficial for sludge granulation, whereas Ca2+ concentrations greater than 300 
mg/l were reported to be detrimental (Chen et al. 2007). 
2.4.2.3 Cobalt 
Cobalt is an essential trace element in anaerobic reactions and is one of the most studied 
trace elements for anaerobic reactors. In biochemistry, it acts as a core of B12-enzyme, 
a CO-dehydrogenase, and a methyltransferase (Fermoso et al. 2008). Pulse addition of 
cobalt in the form of cobalt chloride (CoCl2) (0.64 mg/l) has been discovered to be 
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enough to maintain stable methanogenesis in UASB reactors at an OLR of 8.5 g 
COD/l/d (Fermoso et al. 2008). Sole supplementation of cobalt in methanol fed UASB 
reactors has also led to the increase of COD removal (Shen et al. 1993), increase of 
SMA and methanol removal (Zandvoorth et al. 2004), and high activity of methanogens 
(Paulo et al. 2004). Cobalt supplementation with nickel and iron has also had positive 
effects on UASB reactor performance, such as faster sludge growth and better sludge 
retention (Oleszkiewicz and Romanek 1989), and increased COD removal (Shen et al. 
1993). 
 
Excess amount of cobalt has negative effects on methanogenesis. Cobalt concentration 
of 950 mg/l led to 100 % inhibition in anaerobic toxicity bioassays (Bhattacharya et al. 
1995), while no inhibitory concentrations on UASB reactor have been reported. 
2.4.2.4 Nickel 
Nickel has different functions in anaerobic reactions, such as CO-dehydrogenase, ace-
tyl-CoA synthase, methyl-CoM reductase, urease, hydrogenase, and stabilator of DNA 
and RNA (Fermoso et al. 2008). Nickel supplementation in UASB reactors alongside 
cobalt and iron at a temperature of 35 oC has led to better reactor performance. Observa-
tions about increased COD removal (Shen et al. 1993) and better sludge growth and 
sludge retention (Oleszkiewicz et al. 1989) have been made. Increased COD removal 
has also been noted with supplementation of nickel, cobalt, and molybdenum (Espinosa 
et al. 1995). 
 
High concentration of nickel has had toxic effect on UASB reactor performance. De-
pending on the conditions, nickel concentration of 81 mg/l and 440 mg/l led to 50 % 
inhibition of VFA degradation (Lin and Chen 1999). Concentration of 118 mg/l has led 
to 50 % inhibition of SMA (Fang and Hui 1994) and concentration of 78 mg/l has led to 
50 % inhibition of SMA (Lin and Chen 1997). 
2.4.2.5 Selenium, molybdenum, and tungsten 
Selenium, molybdenum, and tungsten have different roles in anaerobic reactions. Sele-
nium acts as a hydrogenase and formate dehydrogenase, molybdenum acts as a co-
factor for dehydrogenases for propionate oxidizing bacteria, and tungsten acts as a co-
enzyme in anaerobic biochemical reactions helping to maintain anaerobic processes 
(Fermoso et al. 2008). Also, methanogens growing on H2 and CO2 require tungsten 
(Jiang et al. 2012). Long-term absence of selenium, molybdenum, and tungsten have 
been found to decrease activity of propionate degrading community in alcohol distillery 
wastewater fed UASB reactor (Worm et al. 2009).  
2.4.2.6 Zinc 
Zinc is a co-factor for enzymes in anaerobic reactions, which makes it an essential trace 
element for micro-organisms, especially in methanogenesis (Fermoso et al. 2008). Osu-
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na et al. (2002) studied metal deprivation in VFA fed UASB reactors and found that 
when adding solely zinc to the medium, the SMA with acetate as the substrate of metal 
deprived sludge increased by 36 %. 
 
High concentration of zinc has had negative effects on reactor performance, mostly in 
methanogenic activity. 50 % inhibition in methanogenic activity in UASB reactor's 
granular sludge have been found at zinc concentration of 690 mg/l (Hydraulic retention 
time (HRT) 1 day) and 270 mg/l (HRT 2 days) wine wastewater as substrate (Lin and 
Chen 1999), and 96 mg/l starch synthetic wastewater as substrate (Fang et al. 1997). 
2.4.2.7 Manganese and magnesium 
Manganese acts a co-factor for enzymes and is an essential trace element for micro-
organisms in anaerobic reactions. It stabilizes methyltransferase in methane-producing 
bacteria and is a stimulator for the growth of certain methanogens (Fermoso et al. 2008). 
According to Osuna et al. (2002), supplementation of sole manganese improves acetate- 
and propionate degradation. 
 
Magnesium is required for stimulating growth for several methanogens. It has been 
studied that for some species, magnesium shortens the generation time, although, it has-
n't been proven that it would increase the final cell yield (Singh et al. 1998). Chen et al. 
(2008) in their review states that in Methanosarcina -dominated UASB reactor optimal 
concentration of magnesium is reported to be around 720 mg/l. 
2.4.2.8 Sodium 
Sodium requirement varies widely amongst the different methanogens (Singh et al. 
1998 review). Most methanogens are reported to possess an inwardly directed gradient 
of sodium ions (Na+) – a requirement of sodium for both growth and CH4 production. 
Sodium’s bioenergetic role for methanogens is quite well known. Amino acid transport, 
growth, internal pH regulation and even the methanogenesis are all dependent for sodi-
um. (Jarrell et al. 1988). 
 
Sodium concentration of 100–350 mg/l has been found to have positive effects on 
UASB reactor performance (Singh et al. 1998 review). Concentrations from 3500 mg/l 
to 8000 mg/l of sodium have been found to be strongly inhibitory for methanogens of 
mesophilic atmosphere (Chen et al. 2008) but there are no recent studies considering the 
positive effects of sodium in UASB reactor performance. 
2.4.2.9 Potassium and chromium 
Micro-organisms require potassium for normal growth (Pelczar et al. 1993). Potassium 
concentration of 400 mg/l or less has been found to enhance UASB reactor performance 
in mesophilic ranges. Higher concentrations have had inhibitory effects, which was 
more pronounced in the thermophilic temperature range (Chen et al. 2007). 
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Chromium is considered as a heavy metal and experiments indicate that so far its effect 
on UASB reactor performance has been negative (Alkan et al. 1995; Lin and Chen 
1998; Altas 2008). According to Alkan et al. (1995), soluble trivalent chromium with a 
concentration of 500 mg/l in a shock injection led to process failure. A shock injection 
of 400 mg/l did not result in a failure of the process, although a reduction in the perfor-
mance of the reactor was observed. 
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3 MATERIALS AND METHODS 
The objective of this study was to find out the effects of added trace elements on the 
UASB reactor performance. The experiment consisted of two periods: Adaptation peri-
od and study period. During the adaptation period one UASB reactor was fed with 
brewery wastewater. In the study period, five UASB reactors were fed with same 
wastewater, but with added trace elements containing nutrient solutions. 
3.1 Wastewater, additives, and inoculum 
The feed used in the experiment was brewery wastewater from Sinebrykoff (Espoo, 
Finland). Wastewater was received on a weekly basis every Tuesday and was stored in 
canisters at 4 oC during the experiment. Wastewater pH was 6.4-6.7 and soluble chemi-
cal oxygen demand (SCOD) 1.70-3.70 g/l. Totally 36 wastewater batches were used in 
the experiment. 
 
The feed for the reactors was prepared 1-4 times per week depending on the flow veloc-
ity and the sizes of influent and effluent containers. During the study period, the feed of 
four UASB reactors was supplied to contain different trace elements containing nutrient 
solutions, which consisted of four different nutrient solutions: Solution BDP-881, solu-
tion A, solution B, and solution C. 
 
Solution BDP-881 consisted of Fe, Co, Ni, Se, and Mo. Solution A consisted of BDP-
881 and Zn, solution B consisted of BDP-881, Zn, and Mn, and solution C consisted of 
BDP-881, Zn, Mn, and Ca. The concentrations of each element in the nutrient solutions 
are shown in table 3.1. The added concentrations were determined according to recom-
mended metal concentrations in anaerobic digestion processes by Speece (1996). Table 
3.2 shows compounds of each nutrient solution. 
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Table 3.1. Element concentrations in the nutrient solutions 
 
Element Concentration (g/l) 
Fe 13.860 
Co 0.0308 
Ni 0.0462 
Se 0.00616 
Mo 0.0231 
Zn 0.0770 
Mn 0.0385 
Ca 3.080 
 
Table 3.2. Solution compounds used in the study period  
 
Solution Elements 
BDP-881 Fe, Co, Ni, Se, Mo 
A Fe, Co, Ni, Se, Mo & Zn 
B Fe, Co, Ni, Se, Mo & Zn, Mn 
C Fe, Co, Ni, Se, Mo & Zn, Mn, Ca 
 
The inoculum was granular sludge, obtained from a full scale UASB reactor treating 
bioethanol production waste (Jokioinen, Finland). The sludge was stored for about two 
weeks in sealed containers at 4 oC before added into the reactor in adaptation period. 
The granular sludge was washed with six liters of tap water to remove non-settling bio-
mass. 
3.2 Reactor setup 
The experiment consisted of two periods: Adaptation period and study period. During 
the adaptation period, one reactor was operated and during study period five reactors 
were operated. Setup for both periods was similar. 
 
During the adaptation period a PVC reactor with volume of 3.3 liters (height 50 cm, 
diameter 10 cm) was used, while during the study period five 450 mL glass reactors 
(height 25 cm, diameter 5 cm) were used. In both periods, the feeding tank filled with 
brewery wastewater was kept in a refridgerator at 4 oC and was connected to an alumi-
num bag filled with pure nitrogen. A hydraulic pump (MasterFlex easy-load X, Model 
77800-60) was used to feed the reactor. 
 
The reactor in adaptation period was wrapped with a heated coil with flowing water 
inside and the reactor temperature was kept at 35 oC. Effluent was collected in a plastic 
canister. During the study period the reactors were kept in the same heat pool filled with 
water at 35 oC, and effluent containers were glass bottles. During both periods the pro-
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duced biogas was collected into aluminum bags above the reactors. Also, in adaptation- 
and study period, MasterFlex –rubber hoses were used to connect the feeding tank and 
aluminum bags to the reactors. Figures 3.1 and 3.2 illustrate the adaptation period setup 
and figures 3.3 and 3.4 illustrate the study period setup. 
 
 
Figure 3.1. Adaptation period setup in the treatment of brewery wastewater 
 
 
 
Figure 3.2. Adaptation period setup 
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Figure 3.3. Setup in the study period for studying the effects of additives on the treat-
ment of brewery wastewater in UASB reactors. Water locks and heat pool are not de-
picted in the figure. 
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Figure 3.4. Study period setup in the treatment of brewery wastewater 
3.3 Operation strategy 
During the adaptation period, one UASB reactor was operated and fed with brewery 
wastewater for 27 days. The purpose of this period was to adapt the microbial popula-
tion to the substrate used in the experiment later in the study period. 
 
Before adding the granular sludge, the reactor was flushed with nitrogen. Total mass 
(wet weight) of added granular sludge was 1290 g (58 g of volatile solids (VS)). After 
the sludge had been added the reactor was filled with the feed and then the reactor was 
activated by starting the pumps. OLR and HRT were elevated and decreased, respec-
tively, stepwise during the adaptation period. OLR was 2.5 g SCOD/l/d in the beginning 
and 4.3 g SCOD/l/d in the end (day 27). HRT was 28.4 h in the beginning and 15.9 h in 
the end of the adaptation period. After the adaptation period, the granular sludge was 
kept at 4 oC in a sealed container for five days, before used in the study period. 
 
At the beginning of the study period, the granular sludge from the adaptation period 
reactor was divided into five 0.450 L UASB reactors. Again, before adding the sludge 
and the feed into the reactors, the reactors were flushed with nitrogen. Masses of granu-
lar sludge added into each UASB reactor in beginning of the study period were 200 – 
214 g (wet weight). 
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All the five reactors were fed with the same brewery wastewater as used in the adapta-
tion period. One reactor was kept as a control reactor and was fed with the wastewater, 
while the other four reactors were fed with wastewater containing different nutrient so-
lutions additions. The addition strategy is shown in table 3.5. 
 
Table 3.3. The strategy for nutrient solution addition in UASB reactor in the study peri-
od 
 
Day R1 R2 R3 R4 R5 
1-8 - - - - - 
9-17 - BDP-881* BDP-881 BDP-881 BDP-881 
18-79 - BDP-881 A* B* C* 
80-83 BDP-881 BDP-881 A B C 
* BDP-881 contained Fe, Co, Ni, Mo, and Se; sol. A contained sol. BDP-881 and Zn; sol. B contained sol. BDP-881, 
Zn, and Mn; sol. C contained sol. BDP-881, Zn, Mn, and Ca. 
 
The target volume of the added nutrient solution in the feeding tanks of reactors R2, R3, 
R4, and R5, was calculated with formulas 3.1, 3.2, and 3.3 in chapter 3.4. 
 
During the study period, OLR and HRT were meant to be kept at the same rate between 
the reactors, and were elevated and decreased, respectively, stepwise during the study. 
This was carried on, until the OLR was so high that the CH4 production would decrease, 
and to find out if the nutrient solutions had any effects to the reactor performance. Table 
3.4 shows the OLR and HRT values for each reactor in the beginning and in the end of 
the study period. 
 
Table 3.4. OLR and HRT values in the beginning and in the end of study period 
 
 OLR (g SCOD/l/d) HRT (h) 
Reactor Day 1 Day 83 Day 1 Day 83 
R1 4.5 17.3 19.9 3.1 
R2 4.5 17.3 19.9 3.1 
R3 3.8 18.5 23.2 2.9 
R4 4.7 17.3 19.1 3.1 
R5 5.0 17.6 17.7 3.1 
3.4 Analyses and calculations 
Total solids (TS) and VS were analyzed according to standard methods (APHA, 1998). 
pH was measured with WTW’s pH-3210 pH-meter, immediately from the effluent sam-
ples. COD was analyzed according to Finnish Standard Methods (SFS 5504, Finnish 
Standard Association, 1988). For SCOD, the samples were filtrated with Whatman 
Glass Microfibre GF/A filters. 
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VFAs were determined by using a gas chromatograph (Shimadzu GC-2010, FID1 detec-
tor, Capillary GC Column ZB-wax plus 30 m x 0.25 mm x 0.25 µm). Helium was used 
as a carrier gas and operation conditions were: Detector 250 oC, injector 250 oC, column 
40 oC, injection volume 1 µl, total column flow 82.9 ml/min. Program condition were: 2 
min hold at 40 oC, rate 20 oC/min till 160 oC, rate 40 oC/min till 220 oC. VFA samples 
were filtrated with Chromafil Xtra Pet-45/25 0.45 µm filters. 
Gas composition (CH4 and CO2) was measured by using a gas chromatograph (Shimad-
zu GC-2014, Agilent Porapak n80-100 mesh 1.8 m x 2 mm column). Helium was used 
as a carrier gas and operation conditions were: Injector 80 oC, detector 80 oC, column 40 
oC, column flow 25 mL/min. Biogas volume was measured by water displacement 
method. Biogas results were converted to standard temperature and pressure conditions 
(T = 296 K, p = 1.013 bar). 
 
For both adaptation and study period, the same analyses were performed for each UASB 
reactor. Analyses and weekly schedules are listed in the table 3.6.  
 
Table 3.6. List of analyses and weekly schedules during the experiment 
 
Analysis Mo Tu We Th Fr 
Effluent volume X X X X X 
Gas volume X X X X X 
CH4 % X 
 
X 
 
X 
Effluent COD X 
 
X 
 
X 
Effluent VFA X 
 
X 
 
X 
Effluent pH X  X  X 
 
Besides the analyses in table 3.6, TS and VS were determined for granular sludge before 
and after the adaptation period, and for the granular sludge and the supernatant of each 
reactor after the study period. Influent COD and VFA samples were also collected and 
analyzed from every new feeding tank during the whole experiment. 
 
Volume of added BDP-881 solution was determined according to recommended cobalt 
concentration (0.003 mg/g COD; 0.02 mg/l excess) from the previous literature (Speece 
1996). Target cobalt concentration was 30 mg/l, volume of feeding tanks was 5 l, cobalt 
concentration in BDP-881 solution was 200 mg/kg and density of BDP-881 was 1.1 g/l. 
Mass of needed cobalt addition was calculated according to formula 3.1 
 
𝑚(𝐶𝑜)𝑛𝑒𝑒𝑑 =
𝑐(𝐶𝑜) ∗ 𝑉(𝑓𝑒𝑒𝑑)
1000 𝐿
         (1), 
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where m(Co)need is mass of needed cobalt, c(Co) is target cobalt concentration, and 
V(feed) is the volume of the feeding tank. Mass of dosed cobalt into the feeding tank 
was calculated according to formula 3.2 
 
𝑚(𝐶𝑜)𝑑𝑜𝑠𝑒 =
𝑚(𝐶𝑜)𝑛𝑒𝑒𝑑
𝑐(𝐶𝑜)𝐵𝐷𝑃
 * 1000        (2), 
 
where m(Co)dose is mass of dosed cobalt into the feeding tanks and c(Co)BDP is cobalt 
concentration in BDP-881 solution. Volume of added BDP-881 solution into the feed-
ing tanks was calculated according to formula 3.3 
 
𝑉(𝑎𝑑𝑑𝑖𝑡𝑖𝑣𝑒) =
𝑚(𝐶𝑜)𝑑𝑜𝑠𝑒
ƍ(𝐵𝐷𝑃)
        (3),  
 
where V(additive) is volume of added BDP-881 solution into the feeding tank and 
ƍ(BDP) is density of BDP-881 solution. 
 
3.4.1 Metal analyses 
Metal concentration analyses were performed for effluent samples. The samples were 
taken on days 35, 46, 54, 66, 76 and 82. Granular sludge samples were taken on days 1 
and 83. Analyses were performed by Kemira in Espoo, Finland. 
 
5 g of sample was dissolved with nicric acid (HNO3) (2.5 mL) and hydrogen peroxide 
(H2O2) (2 ml). After dissolving samples were cooled down to room temperature and 
stabilized with HCl (0.5 mL) and diluted to 50 ml. Samples were filtrated with 0.45 µm 
filters. Iron and calcium were analyzed with ICP-OES, and cobalt, nickel, selenium, 
manganese, and zinc were analyzed with ICP-MS. 
 
ICP-OES analysis was performed with PerkinElmer Optima 5300 DV. Wave lengths for 
iron and calcium were 238 nm and 317 nm, respectively. Iron and calcium analyses 
were performed semi-quantitatively and inner standard was 2 mg/l of Sc. Multiple ele-
ment calibration standards were 0-10 mg/l of iron and calcium (5 v/v % HNO3 matrix). 
 
ICP-MS analysis was performed with Agilent 7700x. Isotopes were 59Co, 60Ni, 78Se, 
66Zn and 55Mn and inner standards were 45Sc, 89Y, and 115In (1000 µg/l). Multiple ele-
ment calibration standards were 0-100 µg/l of cobalt, nickel, selenium, and manganese, 
and 0-500 µg/l of zinc (5 v/v % HNO3 and 1 v/v % hydrochloric acid). 
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4 RESULTS 
4.1 Adaptation period 
During the adaptation period, HRT was decreased stepwise from 28.4 h to 15.9 h. OLR 
was 2.5 g SCOD/l/d in the beginning and 4.3 g SCOD/l/d in the end, but it was higher 
during days 15-21 (5.0-5.1 SCOD/l/d). During the adaptation period, influent SCOD 
varied from 2.8 to 3.6 g/l and influent VFA from 0.9 to 1.4 g/l. Effluent SCOD was 0.55 
g/l in the beginning, and gradually decreased to 0.25 g/l in the end, and effluent VFA 
varied between 0.052-0.166 g/l. CH4 content varied from 55 to 81 %, and CH4 produc-
tion varied between 2.1-6.2 l/d and the highest values were measured on day 15. pH 
varied between 7.1-7.9. 
4.2 Study period 
Result in the study period are presented in the following section: HRT, OLR, gas com-
position and CH4 production in figure 4.1, concentrations of influent and effluent COD, 
COD removal, and CH4 production per removed SCOD g per day in figure 4.2., and pH 
values and VFA concentration are presented in figure 4.3. 
 
During days 1-8, reactors were fed with only wastewater. HRT was gradually decreased 
from 18-23 h to 15 h. OLR was between 4-5 g SCOD/l/d. CH4 production varied from 
0.6 to 0.7 L/d and there were no major differences between the reactors. VFA, COD 
removal, and pH were also at the same level between the reactors. During these first 
days effluent VFA was below detection limit, COD removal between 92-94 %, and pH 
8.3 – 8.5 in every reactor. 
 
During days 9-17, BDP-881 nutrient solution was added to reactors R2-5. HRT was 
kept between 14-16 h in each reactor. OLR elevated over 5.7 g SCOD/l/d in every reac-
tor on day 10, but decreased after that and during days 12-14 the values were between 
2.7-3.5 g SCOD/l/d in every reactor. CH4 production was around 6 l/d in every reactor. 
pH, VFA, and COD removal stayed at the same level than during days 1-8.  
 
From day 18 to 83 solutions BDP-881, A, B, and C were added to the feed of R2-5 ac-
cording to table 3.2. During days 18-38, HRT was decreased from 15 h to 10 h in every 
reactor. There were no major differences between reactor performances until on day 20. 
CH4 production was 0.4-0.7 l/d in each reactor, except in R3. CH4 production dropped 
to 0.25 l/d and on day 21 it was near 0 l/d in R3. During days 22-31 R3 was fed with 1:1 
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diluted wastewater and OLR was 2.0-2.4 g SCOD/l/d, whereas in other reactors OLR 
was elevated from 4.4 (day 22) to 5.7 (day 31) g SCOD/l/d. During days 21-24 pH in 
R3 was under 6, whereas in other reactors pH was over 8. During days 25-33 pH in R3 
fluctuated between 7.4 and 7.9, but on day 35 pH values reached over 8.3; same level 
than in other reactors. During days 18-38, effluent VFA concentration in R1, R2, R4, 
and R5 was less than 0.4 g/l, while in R3 effluent VFA varied between 0.13 and 0.48 
g/l. During days 18 – 38 COD removal was 89-96 % in every reactor, expect in R3. On 
day 31, COD removal was 72 % and on day 35, it was 57 %. On day 38, COD removal 
in R3 was 87 %, reaching the same level than the other reactors. 
 
During days 39-59, HRT was decreased from 10 h to 7 h or below, OLR was elevated 
from under 5.0 g SCOD/l/d to over 9.0 g SCOD/l/d, and CH4 production increased from 
under 0.5 l/d to over 1.3 l/d. pH decreased gradually slightly below 8 and COD removal 
was 83-96 %. Only notable differences were in VFA concentrations. VFA was less than 
0.1 g/l in reactors R1, R2, R4, and R5 during days 39-50, and during days 51-59 VFA 
elevated gradually from below detection limit to slightly under 0.2 g/l. In R3 there were 
some VFAs (0.10-0.25 g/l) during days 45-49, but values decreased to same level with 
other reactors on day 59. 
 
During days 60-83, HRT was gradually decreased in every reactor to 3 h (day 83). OLR 
in every reactor elevated from 9.0 (day 60) to 17.6 (day 83) g SCOD/l/d, but there were 
some fluctuation. For example, on day 74, the highest value was measured (19.1 g 
SCOD/l/d). CH4 production elevated gradually from 1.3 l/d (day 60) to 2.4-2.6 l/d (day 
83) in reactors R2-5. CH4 production in R1 decreased and it was 0.7-0.9 l/d during days 
64-68 and 0.5 l/d on day 74. 
 
During days 75-77 R1 didn’t produce CH4 at all. During days 80-83, R1 was fed with 
solution BDP-881. The addition recovered the reactor, and it started to produce CH4 
again (1.7 l/d on days 82 and 83). pH in reactors R2-5 was 7.4-8.2 during days 60-83. In 
R1, pH dropped to 7.0 on day 64 and kept decreasing down to 6.8 (day 75). BDP-881 
addition caused pH to elevate slightly over 7 in the end of the experiment. During days 
60-83 COD removal in reactors R2-5 varied between 81 and 94 % and there weren’t 
notable differences between these reactors. On day 61, COD removal in R1 was 76 % 
and the removal rate kept decreasing: 48 % on day 66, 36 % on day 68, 19 % on day 75, 
and 7 % on day 77. BDP-881 addition increased the COD removal and it elevated to 43 
% on day 81 and to 59 % on day 83. On day 60, there were some differences in VFA 
concentrations between the reactors: 0.37 g/l in R1, 0.21 g/l in R2, 0.13 g/l in R3, 0.25 
g/l in R4, and 0.12 g/l in R5. During days 61-74 VFA concentration varied between 
0.09 and 0.21 g/l in reactors R2-5. In R1, VFA kept increasing, and from day 64 to day 
74 VFA elevated from 0.72 g/l to 0.89 g/l. During days 75-83 VFA concentration in R2-
5 was below 0.20 g/l. In R1, VFA decreased from 1.05 g/l (day 77) to 0.55 g/l (day 83).  
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Figure 4.1. HRT, OLR, gas composition, and daily CH4 production in five UASB reac-
tors during study period. 
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Figure 4.2. Influent and effluent COD concentration, COD removal, and daily CH4 
production per removed SCOD g in five UASB reactors during study period. 
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Figure 4.3 pH and VFA concentrations in five UASB reactors during study period. 
4.3 Granular sludge characteristics and trace elements 
After the study period, the granular sludge inside the reactors was studied. TS and VS 
analysis results are listed in table 4.1 and sludge masses are listed in table 4.2. 
 
Table 4.1. TS and VS of the granular sludge before and after the study period  
 
Day Sample Reactor TS-% VS-% VS/TS-% 
1 Granula before study period Adaptation 5.1 4.5 87.0 
83 Granula after study period     
  R1 4.7 4.2 89.6 
  R2 4.6 3.9 85.0 
  R3 4.1 3.5 85.3 
  R4 6.2 5.3 85.4 
  R5 6.0 5.2 86.2 
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Table 4.2. Masses of granular sludge on day 1 and day 83, change of mass of granular 
sludge in the reactor. 
 
Reactor 
Sludge mass day 1 (g) Sludge mass day 83 (g) 
Change in sludge 
mass (g) 
Wet TS VS Wet TS VS Wet TS VS 
R1 214 10.9 9.6 200 9.4 8.4 -14 -1.5 -1.2 
R2 201 10.3 9.0 196 9.0 7.6 -5 -1.3 -1.4 
R3 200 10.2 9.0 199 8.2 7.0 -1 -2.0 -2.0 
R4 203 10.5 9.1 169 10.5 9.0 -34 0 -0.1 
R5 200 10.3 9.0 172 10.3 8.9 -28 0 -0.1 
 
As the table 4.2 shows, the mass of changed granules was the smallest in R3. The big-
gest change in the mass was in R4. VS/TS ratio varied only a little and didn’t seem to be 
affected, whether trace elements were added or not. 
4.4 Metal analyses 
Effluent trace element concentrations are presented in Appendix 1. Trace element con-
centrations in effluent samples were significantly lower in R1 than in R2-5 during the 
study period. Only on day 82 they were higher, which can be explained by the addition 
of BDP-881 in R1 after the reactor failure had occurred. On days 35, 46, 54, 66, and 76, 
iron concentration in R1 was approximately 1 mg/l, but on day 82 the concentration was 
29 mg/l. In R2-5 iron concentration was 7-9 mg/l on days 35, 46 and 54, and 9-14 mg/l 
on days 66, 76, and 82. Cobalt concentration in R1 was below detection limit on days 
35, 46, 54, 66, and 76, and 64 µg/l on day 82. Cobalt concentration in R2-5 was 26-32 
µg/l during the whole experiment. Nickel concentration in R1 was 2-3 µg/l on days 35, 
46, 54, 66, and 76 and 54 µg/l on day 82. In R2-5 nickel concentration was 24-40 µg/l 
during the experiment.  
 
Trace element loadings didn’t fluctuate significantly during the experiment. There was a 
slight upward trend in every trace element load, but it can be explained with the step-
wise elevation of OLR during the experiment. Results for added trace element per 
SCOD are presented in Appendix 2. 
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5 DISCUSSION 
In this study, trace element addition into the feed of UASB reactor enabled higher OLR, 
CH4 production, and COD removal than without trace element addition. Also, addition 
of trace elements into the feed helped the control reactor to recover and to start the halt-
ed CH4 production again. Furthermore, the results showed that essential trace elements 
for better reactor performance were most probably in the BDP-881 solution, because 
supplementation of zinc, manganese, and calcium didn’t seem to have any effects on the 
reactor performance. 
 
The highest OLR values with BDP addition were over 18.5 g SCOD/l/d (day 74) and 
there were no signs of decreased CH4 production or reactor failure at that OLR in R2-5. 
In R1, CH4 production started decreasing, when OLR was 13-14 g SCOD/l/d on day 64. 
Espinosa et al. (1995) got similar results in molasses stillage fed UASB reactor. VFA 
accumulation and decreasing COD removal were notified in the reactor at 17.4 g 
SCOD/l/d of OLR in UASB reactor in absence of iron, cobalt, nickel, and molybdenum 
in the feed. Also, Osuna et al. (2003) had found that lack of trace element led to de-
creased VFA conversion and COD removal in alcohol distillery wastewater fed UASB 
reactors at 10 g SCOD/l/d of OLR.  
 
Trace element addition into the feed helped R1 to recover. BDP-881 was added in the 
feed of R1 on day 80, and the reactor recovered in three days and CH4 production rose 
to 1.7 l/d from 0 l/d. COD removal increased from 7 % to 43 % and VFA concentration 
decreased from 1.1 g/l to 0.6 g/l. Earlier studies also indicate that trace element addition 
in the feed may have recovery effects. For example, Espinosa et al. (1995) added iron 
(100 mg/l), nickel (15 mg/l), cobalt (10 mg/l) and molybdenum (0.2 mg/l) in the feed of 
cane molasses stillage fed UASB reactor, and the COD removal increased from 44% to 
58% and the biogas production from 10.7 to 14.8 l/d. Level of propionic acid and acetic 
acid reduced from 5.29 g/l to 0.25 g/l and from 1.10 g/l to 0.16 g/l, respectively. Also, 
addition of cobalt (295 µg/l) in the feed of methanol fed UASB reactor has been studied 
to triple the CH4 production in one day (Fermoso et al. 2008). 
 
The essential trace elements for increased reactor performance were most probably in 
BDP-881 solution, because between reactors R2-5, there were no major differences dur-
ing the last days of the experiment. Also, bare BDP-881 solution addition caused R1 to 
recover. BDP-881 consists of cobalt, iron, nickel, selenium, and molybdenum. Individu-
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al effects of cobalt and iron have been studied earlier, but there are also studies consid-
ering effects of several trace elements to the UASB reactor performance. 
 
Concentration of cobalt in the effluent of R2-5 was 25-31 µg/l from the first BDP-881 
addition to the end of the study period. Such cobalt concentration enabled reactors R2-5 
to be operated at over 65 % higher OLR compared to the reactor without cobalt addi-
tion. Earlier it has been studied that long-term addition of cobalt (19 µg/l in effluent) 
increased substrate utilization rate from 55 % to 100 % in methanol fed UASB reactor 
(Zandvoort et al. 2002). Also, single cobalt addition (1.8 µg/l) into the feed of methanol 
fed UASB reactor increased CH4 production by a factor of four in 20 days (Zandvoort et 
al. 2004). According to Florencio et al. (1993), cobalt supplementation into the medium 
provided three times more CH4 production compared to non-supplemented, methanol 
fed UASB reactor. 
 
Concentration of iron in the effluent of R2-5 was 8-13 mg/l from the first BDP addition 
to the end of the study period. Vlyssides et al. (2008) studied two synthetic milk 
wastewater fed UASB reactors with and without iron supplementation. Iron load was 
increased stepwise from 0.014 to 0.100 g Fe2+/l/d (effluent concentration not deter-
mined). Iron-supplemented reactor’s COD removal was nearly 100 % during the whole 
experiment, whereas the non-supplemented reactor’s COD removal decreased steadily 
to 75 % until the end of the experiment. In batch experiments studying inhibitory effects 
of iron, it was noticed that iron concentration up to 450 mg/l in ethanol fed UASB reac-
tor provided 40 % higher substrate utilization, compared to non-fed reactor (Gonzales-
Silva et al. 2009). 
 
As mentioned, cobalt and iron may individually improve UASB reactor’s performance, 
but BDP-881 also contained nickel, selenium, and molybdenum (24-40 µg/l, 1-3 µg/l, 
and 4-12 µg/l, respectively) in R2-5 during the study period. Several earlier experiments 
considering the addition of multiple trace elements in UASB reactors have included at 
least cobalt or/and iron, but recently it has been reported other vital trace elements for 
UASB reactors as well. For example, a long-term absence (over 250 days) of molyb-
denum, tungsten, and selenium from the feed of alcohol distillery wastewater fed UASB 
reactor have been studied to decrease CH4 production (Worm et al. 2009).  
 
Positive effects of added trace elements in the present study are likely to be correlated to 
the essential function of metals as co-factors in enzyme system active in the anaerobic 
digestion process. Cobalt is a co-factor of methyltransferases (Roth et al. 1996) and car-
bon monoxide dehydrogenase (CODH) (Zandvoort et al. 2006). CODH is a key enzyme 
for the production and consumption of acetate (Hattori et al. 2005). It is also present in 
both acetogens and methanogens (Karlsson et al. 2012). Iron and nickel are also essen-
tial co-factors of CODH, but essential for the activity of several hydrogenases as well, 
which makes them essential for fermentative micro-organisms (Vignais et al. 2007). 
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Nickel is also a component of co-factor F430, which is required for the activity of methyl 
reductase complex that catalyzes the final step of the CH4 formation pathway (Thauer et 
al. 2008). Both selenium and molybdenum are formate dehydrogenases. Selenium is 
also a hydrogenase and glycin reductase and molybdenum is a nitrate reductase and 
nitrogenase (Fermoso et al. 2008). 
 
Trace element concentrations in R1 effluent were much smaller, than it has earlier been 
recommended. Before the BDP-881 addition into R1 on day 80, iron, cobalt, and nickel 
concentrations in the effluent were below 1 mg/l, 1 µg/l, and 3 µg/l, while the recom-
mendations were 10 mg/l, 20 µg/l, and 20 µg/l, respectively (Speece 1996). Iron, cobalt, 
and nickel concentrations in the effluent of R2-5 were 8-13 mg/l, 25-31 µg/l, and 24-40 
µg/l, respectively. Concentrations of molybdenum and selenium in every reactor were 
under 11 µg/l and 2 µg/l, whereas the recommendations were 50 µg/l and 80 µg/l, re-
spectively (Speece 1996). This may indicate, that molybdenum and selenium addition 
didn’t affect to the improved reactor performance of R2-5.   
 
High OLR caused a failure in R1. VFA accumulation and decreased COD removal indi-
cate that the anaerobic digestion process was limited. Trace element addition clearly 
enabled higher OLR in R2-5 compared to R1, but between R2-5 there were no signifi-
cant differences, even though OLR was elevated. Still, it is possible that even higher 
OLR could have caused differences between reactor performances of R2-5. 
 
Wastewater used in this experiment allowed 13-14 g SCOD/l/d of OLR, until the reactor 
performance got worse. In trace element fed reactors, OLR peaked at 18.5 g SCOD/l/d 
without any signs of failure. With similar concentrations of iron, cobalt, and nickel used 
in this experiment, it could be possible to elevate OLR and improve the reactor perfor-
mance in full-scale UASB reactors as well. 
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6 CONCLUSION 
According to the results from this experiment, the following conclusions may be drawn: 
 
 Trace element addition into the feed of UASB reactors allowed higher OLR 
compared to the control reactor. OLR was 18.5 g SCOD/l/d at its highest, which 
is 37 % higher than the OLR in control reactor before CH4 production started to 
decrease. However, maximum OLR without decreased CH4 production in trace 
element fed reactors was not determined. 
 BDP-881 solution addition into the feed of control UASB reactor helped it to re-
cover in couple of days after a reactor failure. CH4 production and COD removal 
rose from 0 l/d to 1.7 l/d and from 7 % to 43 %, respectively. Effluent VFA con-
centration decreased from 1.1 g/l to 0.6 g/l. 
 Elements providing higher OLR in trace element fed reactors were probably in 
BDP-881 solution, because there were no significant differences in reactor per-
formances between them. Positive effects of added cobalt, nickel, and iron have 
been studied earlier in similar types of experiments, but with different 
wastewater. Also, recommended concentrations from literature for cobalt, nick-
el, and iron were similar compared to the concentrations measured in this exper-
iment. Measured molybdenum and selenium concentrations were significantly 
lower than recommended in literature, which refers to that essential added ele-
ments for better reactor performance may have been cobalt, nickel, and iron. 
 Effects of other added elements (zinc, manganese, and calcium) remained un-
known in this experiment. However, it is possible that there could have been dif-
ferences in reactor performances of trace element fed reactors, if OLR would 
have been elevated even more. 
 37 
REFERENCES 
Adams, NWH., Kramer, JR. 1998. Reactivity of Ag+ ion with thiol ligands in the 
presence of iron sulfide. Environmental Toxicology and Chemistry 17, 625–629. 
Aggelis, GG., Gavala, HN., Lyberatos, G. 2001. Combined, separate aerobic and 
anaerobic biotreatment of green olive debittering wastewater. Journal of Agricultural 
Engineering Research 80, 283–292. 
Aksu, Z., Kutsal, T., Gun, S., Haciosmanoglu, N., Gholaminejad, M. 1991. Investi-
gation of biosorption of Cu(II), Ni(II) and Cr(VI) ions to activated sludge bacteria. En-
vironmental Technology 12, 915–921. 
Alkan, U., Anderson, GK., Ince, O. 1995. Toxicity of trivalent chromium in the an-
aerobic digestion process. Water Research 30, 731-741. 
Altas, L. 2009. Inhibitory effects of heavy metals on methane-producing anaerobic 
granular sludge. Journal of Hazardouz Materials 162, 1551-1556. 
American Public Health Association (APHA). 1995. Standard methods for examina-
tion of water and wastewater. 19th edition. Washington DC, American Public Health 
Association.  
Bartacek, J., Fermoso, FG., Baldó-Urrutia, AM., van Hullebusch, ED., Lens, PNL. 
2008. Cobalt toxicity in anaerobic granular sludge: Influence of chemical speciation. 
Journal of Industrial Microbiology and Biotechnology 35, 1465–1474. 
Bhattacharya, SK., Uberoi, V., Madura, RL., Haghighi-Podeh, MR. 1995. Effect of 
cobalt on methanogenesis. Environmental Technology 16, 271–278. 
Bowen, HJM. 1976. Trace Elements in Biochemistry. 2nd edition. Academic Press.  
241 p. 
Braun, V., Hantke, K., Köster, W. 1998. Bacterial iron transport: mechanisms, ge-
netics, and regulation. Metal Ions Biological Systems 35, 67–145. 
Bretler, G., Marison, IW. 1996. A medium optimization strategy for improvement of 
growth and methane production by Methanobacterium Thermoautotrophicum. Journal 
of Biotechnology 50, 201–212. 
 38 
Cervini-Silva, J., Sposito, G. 2002. Steady-state dissolution kinetics of aluminum–
goethite in the presence of desferrioxamine-B and oxalate ligands. Environmental Sci-
ence and Technology 36, 337–342. 
Chan, YJ., Chong, MF., Law, CL., Hassell, DG. 2009. A review on anaerobic–
aerobic treatment of industrial and municipal wastewater. Chemical Engineering Journal 
155, 1–18.  
Chen, Y., Cheng, JJ., Creamer, KS. 2007. Inhibition of anaerobic digestion process: 
A review. Bioresource technology 99, 4044-4064. 
Espinosa, A., Rosas, L., Ilangovan, K., Noyola, A. 1995. Effect of trace metals on 
the anaerobic degradation of volatile fatty acids in molasses stillage. Water Science and 
Technology 32, 121-129. 
Fang, HHP. 1997. Inhibition of bioactivity of UASB biogranules by electroplating 
metals. Pure and Applied Chemistry 69, 2425-2429. 
Fang, HHP., Hui, HH. 1994. Effect of heavy metals on the methanogenic activity of 
starch-degrading granules. Biotechnology Letters 16, 1091-1096. 
Fang, HH., Liu, Y. 1995, X-ray analysis of anaerobic granules. Biotechnology 
Techniques 9, 513–518. 
Fermoso, FG., Bartacek, J., Jansen, S., Lens, PNL. 2008. Metal supplementation to 
UASB bioreactors: from cell-metal interactions to full-scale application. Science of the 
Total Environment 407, 3652-3667. 
Gao, B., Zhu, X., Xu, C., Yue, Q., Li, W., Wei, J. 2008. Influence of extracellular 
polymeric substances on microbial activity and cell hydrophobicity in biofilms. Journal 
of Chemical Technology and Biotechnology 83, 227–232. 
Gonzales-Silva, BM., Briones-Gallardo, R., Razo-Flores, E., Celis, LB. 2009. Inhi-
bition of sulfate reduction by iron, cadmium and sulfide in granular sludge. Journal of 
Hazardous Materials 172, 400-407.  
Gonzalez-Gil, G., Jansen, S., Zandvoort, M., van Leeuwen, HP. 2003. Effect of 
yeast extract on speciation and bioavailability of nickel and cobalt in anaerobic bioreac-
tors. Biotechnology and Bioengineering 82, 134–142. 
Gonzalez-Gil, G., Lens, PNL., Van Aelst, A., Van As, H., Versprille, AI., Lettinga, 
G. 2001. Cluster structure of anaerobic aggregates of an expanded granular sludge bed 
reactor. Applied and Environmental Microbiology 67, 3683–3692. 
 39 
Gray, NF. 2010. Water Technology: An Introduction for Environmental Scientists 
and Engineers. 3rd edition. Oxford, Elsevier. 455 p. 
Guibaud, G., Bordas, F., Saaid, A., D'Abzac, P., Van Hullebusch, E. 2008. Effect of 
pH on cadmium and lead binding by extracellular polymeric substances (EPS) extracted 
from environmental bacterial strains. Colloids and Surfaces. B, Biointerfaces 63, 48–54. 
Hattori, S., Galushko, AS., Kamagata, Y., Schink, B. 2005. Operation of the CO de-
hydrogenase/acetyl coenzyme A pathway in both acetate oxidation and acetate for-
mation by the syntrophically acetate-oxidizing bacterium Thermo-acetogenium phaeum, 
Journal of Bacteriology 187, 3471-3476. 
Heijnen, JJ., Mulder, A., Weltevrede, R., Hols, J., Vanleeuwen, H. 1991. Large-
scale anaerobic–aerobic treatment of complex industrial-waste water using bioﬁlm reac-
tors. Water Science and Technology 23, 1427–1436. 
Helz, GR., Horzempa, LM. 1983. EDTA as a kinetic inhibitor of copper(II) sulfide 
precipitation. Water Research 17, 167–172. 
Hernon, F., Forbes, C., Colleran, E. 2006. Identification of mesophilic and thermo-
philic fermentative species in anaerobic granular sludge. Water Science Technology 54, 
19-24. 
Jansen, S., Gonzalez-Gil, G., van Leeuwen, HP. 2007. The impact of Co and Ni 
speciation on methanogenesis in sulfidic media — biouptake versus metal dissolution. 
Enzyme and Microbial Technology 40, 823–830. 
Jarrell, KF., Kalmokoff, ML. 1988. Nutritional requirements of the methanogenic 
archaebacteria. Canadian Journal of Microbiology 34, 557-576. 
Jiang, Y., Heaven, S., Banks, CJ. 2012. Strategies for a stable anaerobic digestion of 
vegetable waste. Renewable Energy 44, 206-214. 
Kaksonen, AH., Riekkola-Vanhanen, ML., Puhakka, JA. 2003. Optimization of 
metal sulphide precipitation in fluidized-bed treatment of acidic wastewater. Water Re-
search 37, 255–266. 
Karlsson, AP., Einarsson, P., Schnürer, A., Sundberg, C., Ejlertsson, J., Svensson, 
BH. 2012. Trace element addition on degradation efficiency of volatile fatty acids, oleic 
acid and phenyl acetate and on microbial populations in a biogas digester. Journal of 
Bioscience and Bioengineering 114, 446-452. 
 40 
Kraemer, SM., Hering, JG. 1997. Influence of solution saturation state on thekinet-
ics of ligand-controlled dissolution of oxide phases. Geochimica et Cosmochimica Acta 
61, 2855–2866. 
Kugelman, IJ., Chin, KK. 1971. Toxicity, synergism, and antagonism in anaerobic 
waste treatment processes. Advances in Chemistry 105, 55–90. 
Kung, JW., Löfﬂer, C., Dörner, K., Heintz, D., Gallien, S., Van Dorsselaer, A., 
Friedrich, T., Boll, M. 2009. Identiﬁcation and characterization of the tungsten-
containing class of benzoyl-coenzyme A reductases. Proceedings of the National Acad-
emy of Sciences of the USA 106, 17687-17692. 
Lettinga, G., Hulshoff, LW. 1991. UASB – Process design for various types of 
Wastewaters. Water Science and Technology 24, 87-107. 
Liang, L., Hofmann, A., Gu, B. 2000. Ligand-induced dissolution and release of fer-
rihydrite colloids. Geochimica et Cosmochimica Acta 64, 2027–2037. 
Liang, W., Hu, H., Wang, H., Guo, Y., Song, Y., Che, Y. 2007. Effects of micronu-
trient on biological treatment efficiency of textile wastewater. Fresenius Environmental 
Bulletin 16, 1578-1582. 
Lin, CY., Chen, CC. 1997. Toxicity-resistance of sludge biogranules to heavy met-
als. Biotechnology Letters 19, 557–560. 
Lin, CY., Chen, CC. 1999. Effect of heavy metals on the methanogenic UASB 
granule. Water Research 33, 409-416. 
Lindeboom, REF., Ferrer, I., Weijma, J., van Lier, JB. 2013. Effect of substrate and 
cation requirement on anaerobic volatile fatty acid conversion rates at elevated biogas 
pressure. Bioresource Technology 150, 60-66. 
Liu, Y., Fang, HHP. 1998. Precipitates in anaerobic granules treating sulphate-
bearing wastewater. Water Research 32, 2627–2632. 
Liu, Y., Tay, JH. 2004. State of the art of biogranulation technology for wastewater 
treatment. Biotechnology Advances 22, 533-563. 
Liu, Y,. Xu, HL., Yang, SF., Tay, JH. 2003. Mechanisms and models for anaerobic 
granulation in up-ﬂow anaerobic sludge blanket reactor. Water Research 31, 661–673. 
Maria, F., Sordi, A., Micale, C. 2012. Energy production from mechanical biologi-
cal treatment and composting plants exploiting solid anaerobic digestion batch. Energy 
Convers Manage 56, 112-120. 
 41 
Martell, AE., Smith, RM. 1989. Critical stability constants. 1st edition. New York, 
Plenum Press. 415 p. 
Mata-Alvarez, J. 2003. Biomethanization of the Organic Fraction of Municipal Sol-
id Waste. 1st edition. London, IWA publishing. 323 p. 
Morel, FMM. 1983. Principles of Aquatic Chemistry. New York, John Wiley and 
Sons, Inc. 446 p. 
Nielsen, AE. 1964. Kinetics of precipitation. Oxford, Pergamon Press. 153 p. 
Oleszkiewicz, JA., Sharma, VK. 1990. Stimulation and inhibition of anaerobic pro-
cesses by heavy-metals - a review. Biological Wastes 31, 45–67. 
Oleszkiewicz, JA., Romanek, A. 1989. Granulation in anaerobic sludge bed reactors 
treating food industry wastes. Biological Wastes 27, 217-235. 
Osuna, MB., Zandvoorth, MH., Iza, JM., Lettinga, G., Lens, PNL. 2002. Effects of 
trace element addition on volatile fatty acid conversion in anaerobic granular sludge 
reactors. Environmental Technology 24, 557-587. 
Patel, GB., Roth, LA. 1977. Effect of sodium chloride on growth and methane pro-
duction of methanogens. Canadian Journal of Microbiology 23, 893–897.  
Paulo, PL., Jiang, B., Cysneiros, D., Stams, AJM., Lettinga, G. 2004. Effect of co-
balt on the anaerobic thermophilic conversion of methanol. Biotechnology and Bioengi-
neering 85, 434-441. 
Pelczar, MJ., Jr., Chan Jr, ECS., Krieg, NR. 1993. Microbiology. 5th edition. New 
Delhi, Tata McGraw-Hill. 672 p. 
Ram, MS., Singh, L., Suryanarayana, MVS., Alam, SI. 2000. Effect of iron, nickel 
and cobalt on bacterial activity and dynamics during anaerobic oxidation of organic 
matter. Water Air and Soil Pollution 117, 305–312. 
Roth, JR., Lawrence, JG., Bobik, TA. 1996. Cobalamin (co-enzyme B12): synthesis 
and biological signiﬁcance. Annual review of Microbiology 50, 137-181. 
Schmidt, JE., Ahring, BK. 1993. Eﬀects of magnesium on thermophilic acetate-
degrading granules in upﬂow anaerobic sludge blanket (UASB) reactors. Enzyme and 
Microbial Technology 15, 304–310. 
 42 
Seghezzo, L., Zeeman, G., van Lier, JB., Hamelers, HVM., Lettinga, G. 1998. A re-
view: The anaerobic treatment of sewage in UASB and EGSB reactors. Bioresource 
Technology 65, 175–190. 
SFS 5504. 1988. Veden kemiallisen hapen kulutuksen (CODCr) määritys suljetulla 
putkimenetelmällä. Hapetus dikromaatilla. Helsinki, Suomen Standardisopimusliitto. 6 
p. 
Shea, D., Helz, GR. 1987. Kinetics of inhibited crystal growth: precipitation of CuS 
from solutions containing chelated copper(II). Journal of Colloid and Interface Science 
116, 373–383. 
Shen, CF., Kosaric, N., Blaszczyk, R. 1993. The effect of selected heavy metals (Ni, 
Co and Fe) on anaerobic granules and their extracellular polymeric substance (EPS). 
Water Research 27, 25-33. 
Siegrist, H., Renggli, D., Gujer, W. 1993. Mathematical modeling of anaerobic 
mesophilic sewage treatment. Water Science and Technology 27, 25-36. 
Singh, RP., Kumar, S., Ojha CSP. 1998. Nutrient requirement for UASB process: a 
review. Biochemical Engineering Journal 3, 35-54. 
Speece, RE. 1996. Anaerobic Biotechnology for Industrial Wastewaters. 1st edition. 
San Francisco, Archae Press. 416 p. 
Sunda, WG., Huntsman, SA. 1998. Processes regulating cellular metal accumulation 
and physiological effects: phytoplankton as model systems. Science of the Total Envi-
ronment 219, 165–181. 
Thauer, RK., Kaster, AK., Seedorf, H., Buckel, W., Hedderich, R. 2008. Methano-
genic archaea: ecologically relevant differences in energy conservation. Nature Re-
views: Microbiology 6, 579-591. 
Tchobanoglous, G., Burton, FL., Stensel, HD. 2003. Wastewater Engineering 
Treatment and Reuse. 4th edition. New York, Metcalf and Eddy, Revised Mc-Graw-
Hill. 1819 p. 
Van der Veen, A., Fermoso, FG., Lens, P. 2007. Bonding form analysis of metals 
and sulfur fractionation in methanol-grown anaerobic granular sludge. Engineering in 
Life Sciences 7, 480–489. 
Vignais, PM., Billoud, B. 2007. Occurrence, classiﬁcation, and biological function 
of hydrogenases: an overview. Chemical Reviews 107, 4206-4272. 
 43 
Vlyssides, A., Barampouti, EM., Mai, S. 2008. Influence of ferrous iron on the 
granularity of a UASB reactor. Chemical Engineering Journal 146, 49-56. 
Worm, P., Fermoso, FG., Lens, PNL., Plugge, CM. 2009. Decreased activity of a 
propionate degrading community in a UASB reactor with synthetic medium without 
molybdenum, tungsten and selenium. Enzyme and Microbial Technology 45, 139-145. 
Worms, I., Simon, DF., Hassler, CS., Wilkinson, KJ. 2006. Bioavailability of trace 
metals to aquatic microorganisms: Importance of chemical, biological and physical pro-
cesses on biouptake. Biochimie 88, 1721–1731. 
Wu, WM., Hu J., Gu, X., Zhao, Y., Zhang, H., Gu, G. 1987. Cultivation of anaero-
bic granular sludge in UASB reactors with aerobic activated sludge as seed. Water Re-
search 21, 789-799. 
Yu, HQ., Tay, JH., Fang, HHP. 2001. The roles of calcium in sludge granulation 
during UASB reactor start-up. Water Research 35, 1052–1060 
Zandvoort, MH., Geerts, R., Lettinga, G., Lens, PN. 2002. Effect of long-term co-
balt deprivation on methanol degradation in a methanogenic granular sludge bioreactor. 
Biotechnology Progress 18, 1233-1239. 
Zandvoort, MH., Gieteling, J., Lettinga, G., Lens, P. 2004. Stimulation of methanol 
degradation in UASB reactors: In situ versus pre-loading cobalt on anaerobic granular 
sludge. Biotechnology and Bioengineering 87, 897-904. 
Zandvoort, MH., van Hullebusch, ED., Fermoso, FG., Lens, PNL. 2006. Trace met-
als in anaerobic granular sludge reactors: bioavailability and dosing strategies, Engi-
neering in Life Sciences 6, 293-301. 
  
 44 
APPENDIX 1: METAL CONCENTRATIONS OF EF-
FLUENT SAMPLES 
 
Day 35 
mg/l µg/l 
Fe Ca Co Ni Se Mo Zn Mn 
R1 1 20 <1 3 <1 2 176 21 
R2 7 20 26 28 <1 6 <100 74 
R3 8 19 30 34 <1 4 <100 77 
R4 9 21 26 26 <1 5 <100 141 
R5 7 22 27 28 <1 5 <100 122 
 
Day 46 
mg/l µg/l 
Fe Ca Co Ni Se Mo Zn Mn 
R1 1 20 <1 3 <1 3 <100 16 
R2 8 20 26 25 <1 8 <100 72 
R3 8 20 29 32 1 10 <100 80 
R4 8 20 26 24 <1 8 <100 137 
R5 7 23 25 24 <1 7 <100 120 
 
Day 54 
mg/l µg/l 
Fe Ca Co Ni Se Mo Zn Mn 
R1 <1 21 <1 2 <1 2 293 13 
R2 8 21 29 29 <1 9 257 64 
R3 8 20 28 32 <1 9 307 76 
R4 7 20 26 34 <1 6 312 120 
R5 9 25 26 34 <1 6 237 125 
  
Day 66 
mg/l µg/l 
Fe Ca Co Ni Se Mo Zn Mn 
R1 <1 20 <1 3 <1 2 376 15 
R2 13 20 28 34 2 12 206 64 
R3 11 19 30 40 2 11 276 76 
R4 10 19 29 33 2 11 343 117 
R5 11 23 29 32 1 10 226 117 
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Day 76 
mg/l µg/l 
Fe Ca Co Ni Se Mo Zn Mn 
R1 1 20 <1 2 <1 2 <100 16 
R2 12 20 28 32 <1 6 <100 62 
R3 10 20 28 32 <1 6 <100 74 
R4 13 20 31 37 3 9 220 132 
R5 9 22 26 33 <1 5 <100 111 
 
Day 82 
mg/l µg/l 
Fe Ca Co Ni Se Mo Zn Mn 
R1 29 19 64 54 3 10 132 113 
R2 12 19 29 28 <1 6 <100 60 
R3 13 19 31 29 1 9 <100 77 
R4 13 19 32 30 <1 8 <100 127 
R5 14 23 32 30 <1 11 <100 119 
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APPENDIX 2: TRACE ELEMENT LOADINGS 
